Abstract: This paper presents a comparative analysis of two kinematic structures of the support system (with supports with bilateral and unilateral constraints), which were used in an experimental model of a crane. The computational model was developed by using the ADAMS software. The impact of the kinematic structure of the support system on selected kinematic and dynamic values that were recorded during the slewing motion was analysed. It was found, among other things, that an increased number of degrees of freedom of the support system leads to multiple distortions of time characteristics of kinematic and dynamic quantities.
INTRODUCTION
Cranes are complex mechatronic systems whose operation reveals different types of constructional and technological problems as well as problems related to controlling cranes' operation (Trąbka, 2014) . Many scientific papers were written in order to find the answers to the above-mentioned problems. Their authors most often used numerical models to analyse real structures. The models and the results of analyses were verified either by using computational models that had been developed based on other methods (Cha et al., 2010; Geisler and Sochacki, 2011; Paszkiewicz et al., 1999) or by using experimental models that had been constructed especially for this purpose (Jerman et Wu, 2006) . Verification tests were conducted on real objects less frequently due to their high costs (Araya et al., 2004; Blackburn et al., 2010; Kilicaslan et al., 1999; Mijailović, 2011; Sosna, 1984; Trąbka, 2014) .
Experimental models should have the same properties as the structures based on which these models have been developed (or properties that are as similar as possible to the properties of such structures). The models should be similar to real structures in terms of geometry, kinematics and dynamics in order to meet these conditions (Trombski, 2003) . Since it is very difficult to meet all of the above criteria at the same time, certain construction solutions that are used in experimental models (for example, a crane's supports fastened to the ground) may raise concerns as to whether the properties of real objects are mapped correctly. This paper presents a computational model of a mobile crane with a telescopic boom which was developed based on an experimental crane in which two variants of the kinematic structure of the support system were used. What was analysed was how the selection of a kinematic structure of the support system (with supports with unilateral or bilateral constraints) influences selected kinematic and dynamic quantities of the crane.
COMPUTATIONAL MODEL OF AN EXPERIMENTAL CRANE
The computational model was developed by using multi-body system analysis software ADAMS based on the real structure of an experimental crane (Fig. 1) .
Fig. 1. a) Experimental crane, b) Computational model
The model included the majority of a crane's structural components, which were assumed to be non-deformable except for the supports and the rope. Two variants of the computational model were developed. In variant V1 the kinematic structure of a support system with supports having bilateral constraints was used (Fig. 2a) whereas in variant V2 supports with unilateral constraints were used (Fig. 2b) . The dimensions, masses and mass moments of inertia of the model's parts were determined based on the measurements of a real structure and the geometrical models of these parts which had been developed by using the Inventor software (Tab. 1).
The stiffnesses and dampings of the axial springs that were used to model the supports were determined experimentally. Since the same set of eight compression springs was used in both variants of the experimental crane to construct the supports, and all these springs came from the same production batch, it was decided that the same stiffness should be adopted for all of the axial springs in the computational model. This stiffness was determined for a spring which had been randomly selected from the set of springs based on a series of 10 measurements of the dependence of deformation on the load, which were made by using a universal testing machine FP10. For each dependence of deformation on the load an average stiffness was calculated based on equation (1) and then a substitute stiffness = 17.25 × 10 3 N/m was determined by using equation (2).
(1)
where: -measurement no., -number of changes in a spring load, = 2 -number of springs that are connected in parallel to each other in the crane support's model, -number of measurements, ∆ --th change in the load carried by a spring, ∆ --th change in a spring's length. Damping coefficients in the supports (systems of springs) were determined for the directions of the X, Y and Z axes of a reference frame by using the free vibration method. The damping coefficients were calculated by using equation (3) based on the changes in the position of the support frame over time with respect to the base (Giergiel, 1986 ).
where: -mass of the system of supports which depends on the location of the sensor of displacements and the direction of movement, -logarithmic damping decrement, -period of damped vibration.
For every direction of movement 10 measurements were carried out and the average damping coefficients were calculated based on these measurements. In the computational model a damping coefficient was assigned to each of the springs; such a damping coefficient was reduced in relation to the calculated average value proportionately to the number of the supports that were located in the area of the frame's recorded movement as well as to the number of springs that were connected in parallel to each other in a support. Finally, the following values were adopted for calculations: Apart from axial stiffnesses of the springs which were determined experimentally, also the stiffnesses of systems of springs, perpendicular to their axes, were taken into account. Lateral stiffnesses of the systems of springs ( = = 114 × 10 3 N/m) were determined numerically; both the computational model and the calculations themselves were carried out by using the Ansys v11 software and following a method described in Kłosiński and Trąbka (2010 Torsion springs were added to the computational model for supports with unilateral constraints. Each of the support screws was connected to the support frame with two torsion springs. They were placed on planes that were parallel to planes XY and XZ of the frame of reference. The stiffnesses of torsion springs were determined experimentally based on tests of the dependence of the support's angle of rotation on the support frame as a function of the torsional moment. The same value of stiffness for all of the supports was adopted (
At the points of contact between support screws and force sensors, contact joints were applied. As for these joints, the possibility of friction was taken into account (the Coulomb friction model was used).
NUMERICAL ANALYSIS OF THE MODEL

Assumptions for the calculations
 The model's initial position corresponds to a crane being in a state of static equilibrium; the initial tension of springs was taken into account;  Flexibilities, clearances and friction in joints between the model parts were not taken into account;  Flexibilities, clearances and friction in the drive were not taken into account; a constant value of the reduction gear ratio = 20 was adopted;  The rope's flexibility and the flexibility of the luffing hydraulic cylinder were not included in the model;  A constant step of integration was 0.001 s.
Calculations
Calculations were carried out for two configurations of the model.
Configuration 1 included a boom inclined to the level at an angle of 22º, a crane radius of 1.64 m, a load of 3 kg and a counterweight of 45 kg.
Configuration 2 included a boom inclined to the level at an angle of 35º, a crane radius of 1.43 m, a load of 1 kg and a counterweight of 17 kg.
In both cases the distance between the centre of mass of the load and the point where the rope was attached to the boom was 1 m. The rotation angle of the body relative to the chassis was 90º. The kinematic input function was used for the slewing motion. The forms of the functions that were used to describe the input functions are presented in Fig. 3 .
Fig. 3. Slewing motion input functions for both model configurations
The calculations were started by checking the correctness of the computational model. In order to do this, first it was checked whether there were no redundant constraints in the model; afterwards, the model was verified. Verification was conducted for both configurations by comparing the calculated support loads with the loads that were recorded during the tests. The results of the comparison for configuration 2, variant V2, are shown in Fig. 4 . It was found that the model properly mapped the real object and the visible differences between characteristics were due to the omission of the flexibilities of particular parts as well as the flexibilities of connections, the friction and clearances in the connections, and most of all due to the omission of clearances in the drive. 
Results and discussion
This paper presents an evaluation of the impact of the kinematic structure of the support system on the trajectory of the load, the speed of rotation of the body relative to the chassis and the support loads.
Calculation results for configuration 1 of the computational model are presented in Fig. 5 . A dashed line was used for variant V1 of the model and a solid line was used for variant V2. Fig. 5a presents the trajectory of the centre of mass of the load and Fig.  5b shows the changes in the speed of rotation of the body relative to the chassis. The distribution of the support loads is shown in Fig. 5c whereas Fig. 5d presents a quantitative comparison of the changes in variant V2 support loads in relation to variant V1.
The calculation results for configuration 2 of the computational model are presented in the next four figures (Figs. 6a-d) in the same way as for configuration 1.
Based on the calculation results (Figs. 5-6) it was found that:  A change in the kinematic structure of the support system does not lead to significant differences in the load's trajectory regardless of the configuration and input functions.  The speed of rotation of the body relative to the chassis is non-linear for both variants of the model in configuration 1 and for variant V2 in configuration 2. Moreover, this speed undergoes constant changes and these changes are considerably greater for variant V2 than for variant V1.  The changes in the speed of rotation of the body are closely related to the vibration of the support frame which is caused by the horizontal displacement of the supports. Due to the additional degrees of freedom these vibrations have larger amplitudes and cause greater speed changes for variant V2.  An increased number of the degrees of freedom of the support system, in particular the introduction of the possibility of the supports sliding against the base, contributes to the occurrence of short-term (impulsive) variations in the support loads.  The maximum increase of the support loads, which is related to the change in their kinematic structure, does not exceed 14.7% for configuration 1 (Fig. 5d ) and 13% for configuration 2 (Fig. 6d) . 
SUMMARY AND CONCLUSIONS
This paper presents the results of numerical analyses of the computational model of an experimental crane which were carried out in order to evaluate the impact of the support system's kinematic structure on selected kinematic and dynamic quantities of a crane. Two variants of the model were developed -one with supports with bilateral constraints (V1) and the other with supports with unilateral constraints (V2). The stiffnesses and dampings of the supports were determined experimentally. The model did not include flexibilities or clearances in the connections, except for the supports.
On the basis of the numerical analyses, it was found that:  A support system with unilateral constraints introduces multiple distortions of time characteristics of the monitored kinematic and dynamic quantities. These distortions are caused by the possibility of the supports moving relative to the base (slides in the clearance area) and by impact loads which are caused by the interaction between mountings of force sensors (the upper one is connected to the support screw and the lower one to the base). The maximum excess of the support loads, which is due to the above-mentioned causes (Fig. 5d) , does not exceed 14.7% of the value which was obtained for a system with supports with bilateral constraints.  The time characteristics of selected kinematic and dynamic quantities which were obtained for variant V1 of the model, with the same input functions as those which were used for variant V2, are almost completely free from distortions. At subsequent moments of time, particular kinematic and dynamic quantities assume values which correspond to the average values that were determined for the model with unilateral constraints.  Although a support system with supports having bilateral constraints is inconsistent with a crane's real support system, it can be used in experimental models. Both kinematic and dynamic quantities assume proper values for this variant of the model under the condition that the input functions that are used for the motion are chosen so that the structure does not lose its stability (so that no fictitious forces appear in the model).  On the basis of the calculations it was found that an increase in the coefficient of friction between support screws and the base has a positive influence on the dynamic loads of the supports -distortions of time characteristics are less frequent and the load changes of the supports are smaller relative to the loads in the system with bilateral constraints.
